A subwavelength corrugated metal waveguide is studied and designed to slow down the light at terahertz frequencies. The waveguide consists of two parallel thin metal slabs with periodic corrugations on their inner boundaries. Compared with structures based on engineered surface plasmons, the proposed structure has smaller group velocity dispersion and lower propagation loss. The origin of the slow wave is also explained.
Introduction
The terahertz (THz) region occupies a large portion of the electromagnetic spectrum located between the microwave and optical frequencies and is normally defined as the band from 0.1 to 10 THz (30-3000 μm). In recent years, this intermediate THz radiation band has attracted much interest as it offers significant scientific and technological potential for applications in many fields, such as sensing [1] , imaging [2] , and spectroscopy [3] . There are many conventional guiding structures in THz region, such as metal tubes [4, 5] , plastic ribbons [6] , dielectric fibers [7] , and photonic crystal fibers [8] . In these works, the usefulness of the guiding structures for transport of THz waves is limited by the group velocity dispersion of the guided waves. Dispersionless propagation can be achieved in parallel metal plate waveguides [9] [10] [11] , but in this case the attenuation is high, as the cross section of the waveguide is larger than that of a cylindrical metal wire for THz pulses [12] [13] [14] . These waves are known as Sommerfeld-Zenneck waves, which are weakly guided, and this limits its application. To confine these waves on the surface, engineered surface plasmon waveguides were designed [15] . Note that similar corrugated waveguides have already been studied in microwave and millimeter regions around 1950 [16] [17] [18] [19] . Later these modes were called "spoof SPPs" (surface plasmon polaritons) because they mimic SPPs even on perfect conductors (with an infinitely large imaginary part of the permittivity) on which SPPs cannot exist. Note that although the properties of corrugated waveguides in the millimeter region have been studied, these corrugated waveguides behave differently in the THz region and need to be studied further (such as how to reduce the loss). Low group velocity has been utilized in, e.g., low power switches and modulators because of the enhanced light-matter interaction [20] . A slow guided wave should also have very small group velocity dispersion (GVD) for distortionless signal propagation. In near infrared frequency, two-dimensional (2D) photonic crystal waveguides are used widely to achieve slow light [20, 21] . Two-dimensional photonic crystal waveguides have also been used to guide waves in the THz region [22] [23] [24] and thus they can be designed to achieve slow light in the THz region. However, large GVD and complicated fabrication are their main obstacles [25] . Many periods should be used in both sides of the line defect to make sure that the electromagnetic distribution is weak outside the line defect (i.e., to confine the light in a line defect). Engineered surface plasmon waveguides can also be used to obtain slow light, but large GVD and high propagation loss at the Brillouin boundary are then unavoidable. In this paper, we introduce a subwavelength metal waveguide that can be used to slow down the speed of light at THz frequencies. The proposed waveguide consists of two thin metal slabs with subwavelength periodic corrugations on their inner boundaries and it can give some very flat bands [indicating low group velocity; see Fig. 2(a) ]. Compared to structures based on engineered surface plasmons, this structure has small GVD and relatively low propagation loss. Since this structure is made of metal, light can be well confined in a subwavelength region and the whole structure is very small (the width of the present structure is only 70 μm).
Design and Calculation
Figure 1(a) shows the schematic diagram of the proposed THz waveguide. Two thin metal slabs with thickness d are put very close to each other in air (the distance between their inner surfaces is g). The inner surfaces of the two metal slabs are corrugated with a period of a. The depth and width of the grooves are h and l, respectively. The structure in the z dimension is assumed infinite and the magnetic field is assumed along the z axis in all our simulations. This structure is called "structure A" hereafter. We assume that the magnetic field is along the transversal z axis and the harmonic time factor is expð−iωtÞ. For a Gaussian beam of finite spot size propagating along the x direction, the effects of the finite z dimension on the field in the central region can be small or negligible, and the present 2D model can be used as an approximation for the field propagation in the central region. The permittivity of the metal is described by the following well-known Drude model:
where ω p is the plasma frequency and γ is the damping factor. In our simulation, ω p ¼ 1:44 × 10 16 rad=s and γ ¼ 4 × 10 13 rad=s are used for Ag in the THz regime [26] . After some optimization, we chose g ¼ 10 μm, d ¼ 30 μm, l ¼ 45 μm, h ¼ 20 μm, and a ¼ 50 μm. The finite-difference time-domain method [27] is used to calculate the dispersion curves, propagation loss, and modal profiles. We excite eigenmodes by pulse point sources and compute the frequency spectrum of the time-domain response, where each peak in the spectrum corresponds to an eigen frequency. The mesh size is uniform and 25 nm in our calculation.
Dispersion curves of the waveguide are shown in The fourth antisymmetric band is very flat but not extremely flat compared with the first three antisymmetric bands. A flatter band corresponds to a lower group velocity but a narrower bandwidth. When material loss exists (metal Ag is lossy), too small group velocity will give high propagation loss. Therefore, we choose the fourth antisymmetric band, which possesses simultaneously a low group velocity and a certain bandwidth, to investigate the characteristics of the slow light waveguide at THz. Figure 2 (c) gives an enlarged view for the central part (corresponding to a wavelength range from 9:05 THz to 9:085 THz) of the fourth antisymmetric band. The group velocity is defined by
The group velocity of the fourth antisymmetric band is shown in Fig. 3(a) . In Fig. 3(a) , one can see that the group velocity reaches the maximal value v g ¼ 0:03c (c is the light velocity in air) at 9:066 THz. The group velocity decreases slowly around this maximum group velocity and a small GVD can be expected. GVD parameter D is obtained by [28] where n g is the group index defined as n g ¼ c=v g . D is shown in Fig. 3(b) for the fourth antisymmetric band. The absolute value of D is less than 1 ps=mm=nm in the wavelength range between 9:05 THz and 9:085 THz, and is almost zero around 9:066 THz. Thus, the wavelength range between 9:05 THz and 9:085 THz is our slow light region of interest. Propagation loss is a very important factor in practical situations and the propagation loss per period is given by [29] loss ¼ exp
where Q is the quality factor of the eigenmode calculated by Q ¼ ReðωÞ= − 2 ImðωÞ. The quality factor Q increases smoothly and almost linearly with frequency, which is clearly shown in Fig. 3(c) . The product of the quality factor Q and v g is shown in Fig. 3(d) , where one can see clearly that the maximum of the product is achieved around 9:066 THz. The propagation loss per period is shown in Fig. 3 (e). The propagation loss varies very slowly; it is about 1 dB=a in the wavelength range of interest and reaches the minimum at 9:066 THz. Because the frequency changes little in this region, the position for minimal propagation loss and the position for the maximal product of the quality factor Q and v g almost overlap each other, according to Eq. (4). Note that the proposed waveguide is demonstrated to be able to slow down electromagnetic waves at frequencies around 9 THz, but the structure can be scaled up to make it work at around 1 THz. The basic properties of group velocity and GVD will be similar, while the propagation loss will be smaller.
Origin of Slow Wave
To find the origin of the slow wave, a unit cell of structure A is isolated and put in air (i.e., an isolated cavity in air is considered). The resonant modes of this cavity are calculated. We found that in the low frequency range every band corresponds to an eigen frequency of the cavity, except in the first band. Since the wavelength of the first band is very long, the electromagnetic wave cannot "see" the microstructure of the grooves inside the waveguide, and structure A can be treated as an effectively homogeneous waveguide. Two resonant modes of the isolated cavity are used as examples to demonstrate the connection between the resonant modes and corresponding waveguide modes of slow light. First, we compare the resonant mode of the isolated cavity at 9:074 THz and the corresponding waveguide mode at 9:055 THz [on the fourth antisymmetric band in Fig. 2(a) ]. The quality factor Q of the resonant mode at 9:074 THz is about 680. The permittivity ε m of Ag at 9:074 THz is about −4:27× 10 4 þ 3 × 10 4 i, according to Eq. (1). The imaginary part of ε m is large, but the absolute value of the negative real part is also very large. Consequently, high reflection occurs on the Ag surface and little wave can enter the Ag slab. Thus, the absorption loss is small and the Q factor of the resonant mode may be large. When the damping factor, γ in Eq. (1), is omitted, the Q factor becomes 1180. The energy loss of the resonant mode is caused by energy leak from the two slits of the isolated cavity and by the absorption loss (both are not large). The distributions of the absolute amplitude of H z and the time average Poynting vector (marked by black arrows) of the waveguide mode and resonant mode are shown in Figs. 4(a) and 4(b), respectively. Comparing Fig. 4(a) and 4(b) , one can see that the distributions of the mode profiles and Poynting vectors are almost the same. When such isolated cavities are connected to form the waveguide, the interaction between them is weak. Weak coupling deviates the mode pattern of the waveguide mode a bit from that of the isolated cavity. We also compare the resonant mode of the isolated cavity at 6:144 THz and the corresponding waveguide mode at 6:120 THz (on the third symmetric band in Fig. 2(a) ]. The Q factor of the resonant mode at 6:144 THz is about 50. The permittivity ε m of Ag at 6:144 THz is about −6:71 × 10 4 þ 6:95 × 10 4 i, whose absolute value of the real part is larger than that at 9:074 THz and this means larger reflection. The distributions of the absolute amplitude of H z and the time average Poynting vectors (marked by black arrows) of the waveguide mode and resonant mode are shown in Figs. 4(c) and 4(d), respectively. When the lossless Drude model is used, the Q factor varies little (still about 50), which means the energy loss of the resonant mode is mainly caused by the energy leak from the slits [the Poynting vectors around the slits in Fig. 4(d) are larger and denser than those in Fig. 4(b) ]. Thus, lower Q indicates that energy runs away more quickly from the isolated cavity. The large energy leak gives strong coupling of the connected cavities when forming a waveguide. The strong coupling disturbs the corresponding waveguide mode from the resonant mode. That is why the distributions in Figs. 4(c) and 4(d) are quite different. From Fig. 2(a) one sees that the third symmetric band is not as flat as the fourth antisymmetric band. This indicates that when the energy leak for a resonant mode of the isolated cavity is smaller, the band for the corresponding guided mode of the waveguide is flatter. This is also verified by studying various slow wave bands in Fig. 2(a) . We can conclude that structure A can be considered as a coupled cavity waveguide, with each face-to-face pair of grooves forming a cavity (these cavities are coupled through the narrow slits). It is the weakly coupled resonance that makes some dispersion bands rather flat [30] . The distributions of jE x j 2 and jE y j 2 of a unit cell of structure A at 9:055 THz are shown in Figs. 5(a) and 5(b) , respectively. From this figure one sees that the E x field of the guided mode is distributed in the whole air hole while the E y field localizes at the corners of the hole and is weak inside the air region. Efficient coupling between the slow waveguide and free space or a conventional waveguide (with a normal value of group velocity) is also important. As the present slow wave is achieved by weak coupling between the cavities, we can change the physical parameters of the structure so that the coupling between the cavities becomes larger and the group velocity increases. To obtain high coupling efficiency, we can changing the period a, the depth h, and the width l of the grooves near the input and output smoothly so that the tapered input/output can be coupled efficiently to free space or a conventional waveguide (with a normal value of group velocity).
Comparison
When the upper metal slab is removed, the remaining metal slab [called "structure B," as shown in Fig. 1(b) ] can still support surface waves guided on the corrugated surface (as engineered surface plasmons). To show fairly that the function of the slow wave for this reduced structure is not as good as that for structure A, we optimized the geometrical parameters of structure B and finally chose d ¼ 30 μm, l ¼ 9 μm, h ¼ 21:8 μm, and a ¼ 10 μm. The band structure is shown in Fig. 2(b) and the region above the light line in air is filled in gray. The second band is within the terahertz frequency range and thus is studied. Group velocity v g , GVD parameter D, the quality factor Q, the product of Q and v g , and the propagation loss of this band are shown by curves with blue circles in Figs. 3(a)-3(e) , respectively. The group velocity changes linearly. The absolute value of D for structure B are large compared to those for structure A. As shown in Fig. 3(c) , the Q factor for structure B changes little and is very small (compared with that for structure A). This is because the E field has good confinement when the corresponding frequency is near Brillouin zone edge. However, the E field is mainly distributed in air for structure A, and thus the Q factor is large. Although the v g of structure B is larger than that of structure A in some cases, the Q factor of structure B is much smaller than that of structure A in all cases [see Figs. 3(a) and 3(c)] . Thus, the product of Q and v g for structure B is smaller than that for structure A, as show in Fig. 3(d) . According to Eq. (4), the propagation loss per period (50 μm) for structure B is larger compared with those for structure A, as show in Fig. 3(e) . When the group velocity is low, the absolute value of D is large and the propagation loss is high. Compromise should be made for structure B in order to get a small absolute value of GVD and low propagation loss, whereas structure A does not need such compromise, as shown in the previous sections.
Conclusions
To slow down the speed of light at THz, we have introduced a metal waveguide consisting of two parallel thin metal slabs with subwavelength periodic corrugations on their inner boundaries. Within a bandwidth of 35 GHz around 9:066 THz, the group index is above 33, the absolute value of GVD parameter D is less than 1 ps=mm=nm, and the propagation loss is about 1 dB per period (50 μm). Compared with another metal waveguide based on engineered surface plasmons, our structure has an obviously smaller absolute value of D and lower propagation loss. As the waveguide is made of metal, the light can be confined tightly in a subwavelength region (the width of the present structure is only 70 μm), which cannot be realized with a 2D photonic crystal-based waveguide. The physical mechanism of the slow light for the proposed structure is that a portion of the field recirculates back and forth through a number of directly coupled optical cavities. The coupling of light between the slow waveguide and free space or a conventional waveguide can be done by tapering some structural parameters at the input and output smoothly. Although our bandwidth is not so wide, we think our structure can be used for some applications in the THz range, such as compact optical delay lines, buffers, or enhancement of nonlinear effects. In addition, the bandwidth can be narrow for a modulator [31] , and the size of the modulator can be reduced by slowing down the group velocity in the modulator [32] . We thus hope that our structure may also be used to make a compact modulator in the THz range. 2004CB719800), the National Natural Science Foundation of China (60688401 and 60677047) and a Swedish Research Council (VR) grant on metamaterials.
